High energy protons in uniform circular motion can emit the equivalent of synchrotron radiation composed by mesons. Here, we consider this process in an astrophysical context. We show, in particular, that astrophysical sources of cosmic rays endowed with a magnetic field B > 10 12 Gauss cannot accelerate protons to energies higher than E ∼ 10 15 eV since, in this situation, the threshold for meson production is attained, yielding the nucleons unstable and allowing the intense decay by the strong channel. This conclusion exclude any acceleration mechanism for ultra-high energy cosmic rays which involves environments filled with magnetic fields B > 10 12 Gauss.
Introduction
The analysis of synchrotron radiation in astrophysical contexts started more than 40 years ago. In their seminal paper, Ginzburg and Syrovatskii [1] considered the case of electron synchrotron radiation. The strong and weak interaction in such a context were considered in [2, 3] . Due to the low magnetic fields known at that time, however, they conclude that no other mechanism than electromagnetic synchrotron should be important in astrophysical context. For cosmic rays (CR) protons propagating in interstellar magnetic fields of the order of 10 −5 Gauss, that would be the only available radiation channel.
However, strong radiation mechanisms were recently found to have indeed a significant relevance in some astrophysical phenomena. Accounts on scalar meson curvature radiation by non-inertial (hence treated as classical) protons in intense magnetic fields can be found in the work of Berezinsky et al. [4] . Classical sources were also employed in Ref. [5] in order to evaluate the power associated with scalar mesons,
and vector ones
where A µ is a classical electromagnetic field. Such a field is necessary as it gives the additional energy which makes that inertially forbidden channels available. The strong coupling of protons with mesons can generate π's and ρ's with a non negligible intensity. There, it is argued that p + within central engines of long gamma-ray bursts (GRB's) can efficiently lose Email addresses: douglasf@ime.unicamp.br (Douglas Fregolente) their energy throughout process (1) and (2) rather than ordinary photon synchrotron radiation. Magnetic fields of magnitude B ∼ B cr ∼ 10 13 Gauss can be found in radio pulsars and above this in magnetars and in the so called Soft Gamma-ray Repeaters (SGRs) [6] . Also, the high Lorentz factors attained by the CR and UHECR particles can indeed alter some particle physics quantities [6] . It seems then, that now it is likely to investigate those processes in an astrophysical context.
In order to investigate those processes, we adopt the formalism of field production by a classical source once applied successfully in a first order on coupling constant estimates [2, 7, 8, 9] . Here, we establish and emphasize first the conditions and the ranges of validity of the formalism in terms of the classical and dimensional proper acceleration a = −a b a b where we assume Minkowski spacetime with metric signature (+ − −−). Then, the emitted power associated with each process is obtained and it is compared with γ radiation where the magnitude of the B fields are that one measured or expected to be found in Nature. We adopt natural units where = c = 1 unless stated otherwise.
The formalism
As stated before, the classical source interacting with a second quantized field formalism is adopted. The general outline of the formalism can be found in some QFT textbooks like [10] . We consider that protons in the processes (1) and (2) follow a prescribed trajectory x a (τ) in spacetime. Thence in the general case, they can be cast as a current given by
u a = dx a /dτ where τ is the proper time and the rank of the current depends on the field coupling. The 3-dimensional Dirac delta δ guarantees that the emitting particle keep a prescribed path in the spacetime. Also, the normalization factor √ −gu 0 (τ) gives the charge conservation when (3) is integrated over a tridimensional comoving volume element such that
a j a (x) = q. Here, the main assumption is the nonrecoil condition which reads,
being M the mass of the accelerated particle. Surely this condition is given in a frame independent form. If condition (4) holds, one can infer that the classical trajectory of the particle is not affected by the emission of a quantized field of mass m. This massive field, then, will be emitted by the source when its acceleration is of the order of the particle mass,
Such an acceleration threshold can be understood by means of a semi-classical argument. Consider a particle in a electromagnetic field, F ab . The work done by the field over a Compton wavelength /Mc of the particle is
where p b is the particle four-momentum. If this work is of the order of a particle of mass m, the source can be able to emit a field of such a rest mass. Then, e.g. a process like (1) will take place when (6) gives
Taking this condition with the previous non-recoil condition (4) the domain of validity which one can rely on the formalism is given by,
provided M/m ≫ 1. So, we get the ranges
for the scalar case (1) and for the vector meson emission (2), respectively. Besides that, in [11] when considering processes like e − → e − +ν e +ν e it is shown that the energyω of the emitted fields are of the order of the source acceleration. This energyω is measured in the instantly inertial frame at rest with the source. So it is to expect that when the threshold is attained, particles can be produced and also, this gives the reliable non recoil condition stated before.
We stress that if the conditions given above are not accomplished in a system, a full quantum calculation of the transition rate is necessary as it is done in [12] . As we are going to see, however, this range is enough for our purposes.
Transition rates and emitted powers
The proton and scalar meson are coupled according the actionŜ
for the massive vector case. TheΦ fields describing the π neutral meson are the Fourier expansion of the modes which are solutions of the Klein-Gordon equation ( − m 2 )φ (±ω) k = 0 with positive (+ω) and negative (−ω) frequencies. So,
Hereâ k andĉ † k are respectively, the annihilation and creation operators of scalars and antiscalars with three momentum k and energy ω = √ k 2 + m 2 . For the vector side, we have to deal with the solutions of the Proca equation ( − m 2 )u λ(±ω) kb = 0. Assuming the Lorentz gauge condition, one has [13] ,
whered λ k andd †λ k annihilates an creates the vector fields following the canonical rules.
Let's first evaluate the transition rate and the following emitted power for the process (1). In Ref. [8] that power was obtained from,
where,
and T = ds is the total coordinate time. The invariant amplitude is given by
In a magnetic field, a charged particle follow a circular trajectory which is, in terms of the inertial coordinates (t, x) in a rest reference frame,
In such a trajectory, it is found in the ultra-relativistic limit, γ ≫ 1 and a/m π ≫ 1, that the associated power given by (15) is,
Again we stress that this formula is valid in the range m π ≤ a ≪ m p , fulfilling the conditions (4) and (7)This power can be obtained simply by getting the limit δ → 0 in eq.(4. 2) . We write the gauge condition in the momentum space as k a j a = 0 and
gives the sum over polarizations abridged on the normalized normal modes u λ(ω)
kb (x). The same procedure gives,
The effective coupling constant, G
and is accurate inside the range m ρ ≤ a ≤ m p . Also, it must be reminded that the ρ emission will take place only when the acceleration of the source is about a ≈ 770 MeV.
Acceleration of cosmic rays
UHECR protons can show huge Lorentz factor up to γ ∼ 10 3 and there is evidence of greater ones from the E ∼ 10 20 eV data, beyond the so called Greisen-Zatsepin-Kuzmin (GZK) energy cuttof [14] . Also, magnetic fields of B > 10 13 Gauss are commonly associated with pulsars and recently with the termed magnetars [6] . The classical proper acceleration of a particle of charge q = |e| and mass m in a homogeneous magnetic field is,
The threshold (7) is then easily obtained for γ ≈ 10 5 and a typical magnetic field of a pulsar about B ≈ 10 14 Gauss. The same order of these parameters can also fulfill the vector emission regime a ≥ 700 MeV. Furthermore, the energy losses by ordinary synchrotron radiation, given by the Larmor formula,
is clearly smaller than that one associated with pion emission of eq.(19) when a > m π . This is so because of the rather different coupling constants, α = e 2 /4π, the fine electromagnetic structure constant and the strong meson type of interactions (1) and (2) so scaled by g,
Once the π's and ρ's mesons produced in processes (1) and (2) has a number of charged and neutral decay modes [15] , the byproducts of that proton emission channels are worthy of attention. Despite the details involved in a number of theoretical models of GRB, it is expected that a burst of high energy neutrinos is generated from interactions of protons inside a relativistic fireball [16] . The mechanism of high energy neutrino emission proposed by Tokuhisa and Kajino [5] gives a scenario where such ν's can be produced by
and those charged pions can also be generated by the decay modes, ρ → π + + π − . Then, in central engines of short GRB's which invoke strong magnetic fields [17] , the meson synchrotron emission can take place and could efficiently produce a burst of high energy neutrinos.
Some remarks are in order. First of all, let us back to the powers (22) and (24) . Is can be seen that the (22) can be recovered by the direct association α → g ′2 . This is so because of coupling of protons with photons and ρ mesons, which are given by action (12) . Both interactions are of a vector type and the states can be that of a massive or a zero rest mass field distinguishable by the sum over the polarization states. However, the final form of the emitted powers differs only by the magnitude of the coupling constant,
This behavior is expected from the formalism since it gives the role played by the proper acceleration. In a regime where the acceleration exceeds the rest mass of the emitted field, (a/m ≫ 1) the fact that this mass differs from zero becomes irrelevant and can be disregarded. It is expected, then because of the difference on electromagnetic and strong coupling, that in some regime, the channel (2) becomes dominant over the fine structure constant scaled emission. Secondly, it is well known that, before the synchrotron emission of any kind, particles lose their the momentum component p ⊥ perpendicular to the magnetic field line. Then, the mechanism of curvature radiation takes place and it is characterized by emission by particles following trajectories parallel to the magnetic field. It is argued in Ref. [4] that the pion synchrotron emission (1) can efficiently be generated by protons in such a curved path. There, they apply two distinct ways of calculating the transition probability in a somewhat different way of what we do here. The effective character of the formalism also imply that the non-recoil condition (4) be satisfied. It is argued there, that in typical millisecond young pulsar the high intense magnetic field provide that the pion curvature radiation becomes dominant over the electromagnetic one. The point stressed here is that the ρ meson emission will be highly suppressed as the component p ⊥ goes to zero. The relevant channel in this regime is then, that one of scalar meson emission by the protons in the electric potential drop.
Let us consider now the possible astrophysical sites of CRs and UHECRs and their respective energies. As it was pointed out, the maximum energy E max that a particle can attain depends on the confining region L determined by the magnetic field B (in the case of magnetic-driven mechanisms) and it is given by [18, 19, 20] ,
where q is the total charge of the particle or the nuclei. This condition is known as the "Hillas criterion" after [18] and it selects the reasonable objects that can accelerate CR particles. If the engines are located at magnetic fields of pulsars it is argued that protons can reach E max > 10 20 eV [20] , despite the details of the acceleration model. When interacting with the local magnetic field of the star, the high energy proton has proper acceleration, a = γeB/m, of the order,
Then, even if the CR particle is not accelerated by some oneshot mechanism, when it reach the threshold for meson production, it will start to decay through strong interactions. This poses an extra limit on acceleration mechanisms other than efficiency, propagation or any kind of electromagnetic losses such inverse Compton and ordinary synchrotron radiation.
As it can be seen in Eq. (29), a pulsar with B ∼ 10 13 G can only keep accelerating charged nucleons with Lorentz factor γ ∼ 10 6 (E = 10 15 eV). If the particle interacts with the local magnetic field in a gradual energy gain mechanism, the proton can not reach energies up to E ∼ 10 15 eV. This region is known as the "knee" of the CR spectrum and it is going to be discussed further. Beyond this limit, decay processes like
or
can take place, and protons can lose energy efficiently. Surely, the aforementioned formalism can not be taken as valid, since the neutron in the final state, with negligible dipole moment, does not interact with the magnetic field. Then, the main assumption of the trajectory dependent formalism is not verified and can not gives reliable results. Charged pion radiation (30) was recently studied in an suitable semiclassical formalism, which can account of the different couplings of the charged and neutral particle and the magnetic fields [21] . Only employing this kind of formalism a realistic formula for the radiated power and the transition rates can be obtained. However, the main conclusions about the availability of the decay processes must remains unchanged in a semiclassical scenario. One should expect then, that the acceleration sites will be so constrained, once the CR protons begin to decay by the strong channel before attain energies of order E ∼ 10 20 eV. The sources which are expected to produce such energetic particles should be located inside the GZK horizon, of order of tens of Mpc. If those sources are pulsars with magnetic fields with magnitude B ∼ 10 13 G or higher, the production of E > 10 15 eV is strongly suppressed due to proton instability unless such charged particles can escape the magnetic field region before the transition occurs.
Proton instability and the features of cosmic ray spectra
Up to the knee feature of the cosmic ray spectra at about 10 15 eV, light primaries can dominate the chemical composition of the observed flux [22] . Then, as suggested by Blasi et al. [23] , young millisecond neutron stars inside the galaxy can accelerate particles with charge Ze to energies about E ∼ 10 20 Z 26
Hence, free protons (Z = 1) could reach in such a scenario, E ∼ 10 19 eV in a B ∼ 10 13 G, far beyond the threshold for its instability. Inside the neutron star magnetosphere, the total particle density is dominated mainly by iron from the previous supernova event. Then, as far as being an acceleration mechanism for heavy primaries, the CR flux from this galactic sources should not be so affected. On the other hand, the SNR shock accelerated protons remains stable, once the magnetic fields involved are too low (at order of 10µG). This SNR mechanism should then be the dominant acceleration site for protons up to the knee.
It is commonly accepted that CR below the knee have a galactic origin [22] . Beyond the energy of 10 18 eV may be produced at extragalactic environments and this prediction were recently confirmed by the Pierre Auger Southern Observatory [14] . The correlation found between the arrival directions and the positions of known nearby active galactic nuclei (AGN) laying at a radius of 75 Mpc indicates that the 10 18 eV events may be of an extragalactic source. Those sources are inside the GZK horizon but are far enough as it is expected from the impossibility of confining such high energy particles by the magnetic fields of the Milky Way. Also, the flux decay due to GZK effect on high energy protons was also confirmed [14, 24] . The experiments strongly suggests that the chemical composition inside the knee region is dominated by protons or light He nuclei and becomes heavier beyond the knee region [22] . Only beyond the "ankle" at E ∼ 10 18 eV it is believed that extragalactic protons should dominate the particle flux measured in the Earth. Thus, acceleration mechanisms inside environments filled with 10 12 Gauss magnetic fields or higher, should not be able to accelerate protons at such high energies. In order to accomplish for 10 18 eV observations of CR protons, it must be employed another kind of mechanism instead of that ones which involves high intense magnetic fields.
